Abstract. We investigated the influence of processing relevant spatial information on learning a probabilistic sequence of irrelevant locations. Using the SRT design of Remillard (2003), we found that spatial perceptual learning occurs with paired but not with single targets. The pairs of targets consisted of the same stimuli, but in a different order, so that responses could have been based on the left-right location of an element, relative to the other element of the pair. The prerequisite of spatial pairs of targets suggests that spatial processing of relevant information plays a crucial role in perceptual location learning. In addition, spatial perceptual learning only took place when the target pair was presented together with other stimuli, but was absent when the target pair was presented in a blank field. Since in the latter case attention is automatically captured, this suggests that sequence learning requires endogenous attention.
The ability to detect and exploit regularities inherent to the environment is fundamental to our adaptive behavior, because prediction of these regularities allows preparing for upcoming events. Learning of regularities or sequence learning has been studied extensively by using the serial reaction time (SRT) task, developed by Nissen and Bullemer (1987) . In a typical SRT task, participants are instructed to react as quickly and as accurately as possible to successively presented stimuli by pressing the assigned response keys. The participants are not informed that the stimuli appear in a structured order. Results show that reaction times (RTs) progressively decrease with practice and suddenly increase when a random sequence is unexpectedly inserted, which indicates that participants have acquired knowledge about the structured nature of the sequence.
In the present study, we investigate the role of spatial processing of relevant information on perceptual sequence learning in SRT tasks. As the sequence of stimuli triggers a sequence of corresponding responses, it is an issue of strong debate whether learning in SRT tasks is essentially perceptual or motor in nature (for reviews, see Clegg, DiGirolamo, & Keele, 1998; Goschke, 1998) . While some authors assume that learning is primarily based on the sequence of stimuli (S-S learning, e.g., Howard, Mutter, & Howard, 1992; Remillard, 2003) , others have demonstrated that participants mainly acquire knowledge about the sequence of responses (R-R learning, e.g., Deroost & Soetens, in press; Hoffmann, Martin, & Schilling, 2003; Nattkemper & Prinz, 1997; Willingham, Nissen, & Bullemer, 1989 ). In addition, several studies have indicated that perceptual and motor learning can both contribute to sequence learning (Bapi, Doya, & Harner, 2000; Mayr, 1996) , while other work has shown that learning can also be based on associations between responses and subsequent stimuli (R-S learning, e.g., Stöcker, Sebald, & Hoffmann, 2003; Ziessler, 1998; Ziessler & Nattkemper, 2001) . Recently, Deroost and Soetens (2005) have provided evidence for learning situated at the intermediate level of response selection (S-R learning, see also Willingham et al., 1989 , for the original hypothesis).
In the current study, we focus on the processes underlying perceptual sequence learning in SRT tasks. Most studies that have provided evidence in favor of perceptual learning have made use of spatial sequences. However, in these studies, spatial processing was not only involved in the sequence of irrelevant information, but also in the sequence of relevant information. That is, the sequence of relevant information also entailed spatial stimuli or stimuli that had to be translated into a sequence of spatially distributed response keys. For instance, Mayr (1996, Experiment 1) found learning of a sequence of irrelevant stimulus locations that was uncorrelated with the sequence of responses, but the sequence of responses was executed with spatially arranged response keys. In another study, Cock, Berry, and Buchner (2002) presented two simultaneously appearing stimuli during training. Participants were instructed to react to the location of one stimulus, while ignoring the location of the other stimulus. The results showed that the sequence of locations of the to-be-ignored-stimuli disrupted performance when it was subsequently imposed on the locations of the stimuli to which participants had to respond. This implies that participants had acquired knowledge about the sequence of ignored stimulus locations, although no response was made to them. Both the relevant motor and irrelevant perceptual sequences in this study were however spatial in nature.
In the same line, Soetens, Melis, and Notebaert (2004) used a SRT task in which the stimulus was presented at one of four corners of an imaginary rectangle. Participants were instructed to react to the horizontal location of the stimulus (left-right) and ignore its vertical location (up-down) . Both the horizontal and vertical locations were integrated in one probabilistic sequence, but by mapping the four stimulus locations to only two responses (left-right), the authors arranged that the responses changed randomly. Despite a random response sequence, participants showed learning of the sequence of stimulus locations. In this study, both the relevant and irrelevant locations of the stimulus were combined into one spatial sequence, so again spatial processing of sequences of relevant information was involved.
To summarize, in the studies that demonstrated spatial perceptual learning, there was also additional processing of relevant spatial information. Either the sequence of spatial stimuli or the sequence of response locations was regular. In contrast, when there was no concurrent spatial processing of relevant structured information, perceptual location learning could not be demonstrated. For instance, Deroost and Soetens (in press) as well as Willingham et al. (1989) were unable to demonstrate spatial perceptual learning when participants responded to the target's color, which changed randomly. This suggests that concurrent spatial processing of relevant structured information plays a crucial role in spatial perceptual learning.
One exception to this rule is the study of Remillard (2003) , in which perceptual location learning was demonstrated by using a more complex variant of the typical SRT paradigm. Remillard presented six different stimuli, consisting of letter pairs "xo" and "ox," simultaneously on the computer screen. After a delay of 400 ms, an underline marked one of the letter pairs, and participants were instructed to react to the identity of the marked letter pair. While the identity of the tobe-reported letter pair varied randomly over trials, the target location changed according to a probabilistic sequence. Using this design, Remillard was able to demonstrate perceptual learning of the sequence of target locations that was independent of the random sequence of responses. Learning effects, however, proved to be robust only in case of first-order probability learning; in case of second-order probability learning, perceptual learning was absent. In the former, knowledge of the preceding stimulus is sufficient for predicting the subsequent stimulus, contrary to more complex second-order (or nth-order) probability learning, in which knowledge of the preceding two (or n) stimuli is required.
In the present study, we wanted to get more insight in the mechanisms underlying spatial perceptual learning, as demonstrated by Remillard. Because we conjecture that concurrent processing of relevant spatial information plays an important role in spatial perceptual learning, we investigated whether this can also account for the learning effects found in the Remillard study. In Experiment 1, we replicated the study of Remillard with a few adjustments. In Experiments 2 and 3, perceptual learning was tested with other types of stimulus material besides letter pairs. Thereafter, in Experiment 4, we reduced the number of target location alternatives from six to four. Finally, in Experiment 5, we tried to extent the results found with the Remillard design to the standard SRT paradigm.
Most authors assume that sequence knowledge acquired during SRT performance is implicit, in the sense that learning is unintentional and not accompanied by comparable amounts of awareness (for reviews, see, e.g., Cleeremans, Destrebecqz, & Boyer, 1998; Frensch, 1998; Seger, 1994) . Although we did not assess the degree of explicit knowledge that participants possess, we assume that learning in the present study is mainly implicit, since it is a continuation of the research of Remillard, who was unable to find any evidence in favor of explicit knowledge acquisition. Presumably, this is due to the use of complex probabilistic sequences (e.g., Cleeremans & Jiménez, 1998; Remillard & Clark, 2001 ).
Experiment 1
We replicated Experiment 1 of the study of Remillard (2003) with a few modifications. As mentioned in the introduction, Remillard simultaneously presented six letter pairs "xo" and "ox" in a row and participants had to react to the identity of the letter pair that, after a delay of 400 ms, was marked with an underline. The sequence of the letter pairs was randomly determined, resulting in a random sequence of responses. The underline (and thus the target's location), on the other hand, changed according to a probabilistic sequence that was characterized by first-order restrictions. In the original study, these restrictions entailed that only two of six possible location alternatives (starting with Location 1 at the leftmost position until Location 6 at the rightmost position) could succeed a preceding target location (e.g., a target letter pair appearing at Location 1 could only be followed by a target at Location 3 or 4). The probability of each of these target locations over trials was .33 and .67, ensuing in lowand high-probability first-order transitions respectively (e.g., a target letter pair appearing at Location 1 is followed by a target appearing at Location 3 in 33 % of the trials and at Location 4 in 67 % of the trials). Remillard derived perceptual learning, that is, knowledge about the sequence of the target locations, from RT benefits for high-probability transitions as compared to low-probability transitions.
To assure that three of each of the letter pairs "xo" and "ox" were presented on every trial and that the low-and high probability transition locations were marked with different letter pairs, additional constraints were introduced. More precisely, Locations 1 versus 6, 2 versus 5 and 3 versus 4 were always marked with a different letter pair. Although the sequence of target locations was completely independent of the random sequence of target letter pairs, it is possible that the constraints imposed upon the letter pairs facilitated perceptual learning. For instance, by applying these constraints, target alternatives appearing at six locations can easily be reduced from six to merely three, since the complement of each target alternative is determined by the constraints. Perhaps, this reduction released sufficient attentional resources for perceptual learning to take place. Alternatively, the salient constraints may draw attention to the structured nature of the task, hereby improving participants' sensitivity to other structural features, like the perceptual location sequence. For that reason, we examined to what extent these constraints on the locations played a role in the occurrence of perceptual learning. The influence of the constraints was tested directly by comparing conditions with and without constraints. To assess sequence learning, we used the standard sequence learning measure of turning the perceptual sequence to a random order after sufficient practice, instead of comparing RTs of low-and high-probability transitions, like in the original study.
Method Participants
A total of 48 undergraduate students (31 women and 17 men) of the Vrije Universiteit Brussel (VUB) participated in return for course credit. Their mean age was 20.7 years. All participants reported a normal or corrected-to-normal vision. None of them had previ-ous experience with SRT or sequence learning tasks (as was the case for all experiments). Participants were randomly assigned to one of two experimental conditions: 24 in the constraints condition and 24 in the no constraints condition.
Stimuli and Apparatus
Participants were tested individually in semi-darkened cubicles in the psychological laboratory of the VUB. The SRT experiment was run on Pentium 4 personal computers with 17-inch screen, using E-prime Version 1.1 Service Pack 3 software (Schneider, Eschman, & Zuccolotto, 2002) .
Design and Procedure
On each trial of the SRT task, six horizontally arranged black letter pairs "xo" or "ox" were presented in the centre of the screen, against a light grey background. Letter pairs were separated by gaps of 3 cm (or 3.1∞ visual angle with a viewing distance of approximately 55 cm), and each pair measured 8 mm (.83∞ visual angle) in width and 4 mm (.42∞ visual angle) in height. All six target locations were marked with a black underline of 8 mm in width that was presented 1.5 cm (1.56∞ visual angle) below a letter pair. These underlines functioned as fixation points and remained on screen throughout a block of trials. After a delay of 400 ms, one of the six letter pairs was enclosed by a white squared box of side 1.4 cm (1.5∞ visual angle). Participants were instructed to react as fast and as accurately as possible to the identity of the letter pair that was enclosed by the square by pressing the "c" and "n" response keys, situated on the bottom row of a standard keyboard, with the index finger of each hand, respectively. The mapping of target letter pairs onto the response keys was counterbalanced across participants, so that half of the participants had to press the c and n key for the letter pair xo and ox respectively. For the other half of the participants, the reversed mapping was used.
Each of the six target locations was marked with a letter pair, but in the constraints condition Locations 1 versus 6, 2 versus 5 and 3 versus 4 were always marked with a different letter pair. In the no constraints condition, on the other hand, there were no constraints imposed upon the letter pairs marking the locations. This means that letter pairs presented on a particular trial could range from six xo's to six ox's and all possibilities in between, in total 64 possible combinations.
In both conditions, letter pairs changed randomly over trials, with each pair occurring equally often.
Thus, the probability of responding to one of two letter pairs was .50, ensuring that the sequence of responses was entirely random. The sequence of target locations, on the other hand, that is, the sequence of squares enclosing the target letter pair, was structured according to a probabilistic sequence that was based on the sequence used by Remillard: target letter pairs appearing at Locations 1 and 6 could only be followed by letter pairs presented at Locations 3 or 4. Targets appearing at Locations 3 and 4, on their turn, could only be followed by targets at Locations 2 or 5, which are then succeeded by letter pairs at Locations 1 or 6 again. Since each target location could be followed by only two of six possible location alternatives, the probabilistic sequence is characterized by first-order restrictions, which entails that the occurrence of each target location can be predicted on the basis of the previous target location. However, contrary to Remillard's study, first-order transitions are not divided into low-and high-probability transitions of respectively .33 and .67. Instead, we used first-order transition probabilities of .50, so that the target location was followed half of the time by one alternative and half of the time by the other alternative (e.g., Location 1 is half of the time followed by Location 3 and half of the time by Location 4).
Participants completed two sessions on two consecutive days, with each session starting at the same hour. A session began with two practice blocks of 50 trials, in which the target letter pairs and target locations varied randomly. Instructions on the screen encouraged participants to react as fast as possible to the target and to restrict the error rate to a maximum of 5 %. At the start of a block, a warning for the upcoming trials appeared, urging participants to rest their fingers lightly on the response keys.
After practice, participants received 15 experimental blocks of 100 trials. Except for the random Block 13 of Session 2, the target location or square enclosing the target was structured according to the probabilistic sequence with first-order restrictions. In the random Block 13 of Session 2, the sequence of target locations switched to a random order that was generated on the basis of a random seed that differed between participants. In all structured and random location sequences, the six target location alternatives occurred equally often.
Reaction time (RT) and accuracy were recorded on each trial. In case of an incorrect response, the word "error" was presented for 750 ms. No error corrections were possible. After each block, participants received feedback about their error rates and RTs for that particular block. Blocks were always separated by breaks of 30 seconds. 
Results and Discussion
General learning effects, as derived from a general decrease in RT over training, were significant in all experiments. Because they are not essential for the purpose of the present paper, the analyses of general learning effects are not further discussed in the result sections.
The mean error rate amounted to 3.5 % (SD = 1.37) for the constraints condition and 3.8 % (SD = 1.34) for the no constraints condition. Error data revealed no indications of a speed-accuracy trade-off, therefore, we focused on the analysis of the RT data and the error data is not presented in further detail. This was done for all experiments in this study.
The RT analysis was performed on participants' mean correct RTs. Erroneous responses as well as responses following an error were excluded from analysis. This was again done for all experiments. For the valid RTs, responses faster than 100 ms and slower than 1,000 ms were considered outliers and were discarded from statistical analysis (0.73 %).
To determine sequence-specific learning, we conducted a repeated measures ANOVA on participants' mean correct RT, with the random Block 13 of Session 2 and the mean of the surrounding structured Blocks 12 and 14 as within-subjects factor and condition as between subjects-factor. The results of the ANOVA revealed that the introduction of the random Block 13 yielded comparable RT costs for both conditions, F(1, 46) = 0.47, p = .50 (see Figure 1 ). Analysis with planned comparisons showed that the amount of sequence learning was small, but reliable for the constraints condition, F(1, 46) = 12.79, p Ͻ .001 (M of Blocks 12 and 14 is 542 ms vs. 555 ms in Block 13), and the no constraints condition, F(1, 46) = 6.79, p Ͻ .05 (M of Blocks 12 and 14 is 555 ms vs. 565 ms in Block 13). A post hoc Tukey HSD test revealed that the differences in mean RT between other adjacent blocks within one session were not significant.
The results of Experiment 1 showed that, consistent with the findings of Remillard (2003), participants were able to learn a probabilistic sequence of irrelevant target locations that changed independently of the target's relevant random identity. In addition, perceptual location learning proved to be unaffected by the additional constraints imposed upon the letter pairs marking the six locations.
Experiment 2
In Experiment 2, we examined whether perceptual learning could be extended to more commonly used relevant stimulus features instead of letters. Participants in the current experiment had to react to the color of the target pairs.
Method Participants
A total of 16 undergraduate students (12 women and 4 men) of the VUB participated in return for course credit. Their mean age was 19.7 years.
Stimuli and Procedure
The procedure was similar to the constraints condition of Experiment 1, except in the following respects. Instead of letter pairs xo and ox, we used pairs of redgreen and green-red colored dots as targets. After a delay of 400 ms, one of the color pairs was enclosed by a white square and participants were instructed to react as fast and as accurately as possible to the identity of the enclosed target. Response keys were the "c" and "n" keys, with the mapping of color pairs to the response keys being counterbalanced. The sequence of target color pairs changed randomly over trials, while, except for the random Block 13 of Session 2, the target location followed the same probabilistic sequence that was used in Experiment 1. Blocks were separated by 30-s breaks. Instructions emphasized fast responding with a maximum error rate of 5 %.
Results and Discussion
The mean error rate was 4.2 % (SD = 1.36). The responses faster than 100 ms and slower than 1,000 ms were discarded from statistical analysis (1.54 %).
A repeated measures ANOVA, with the random Block 13 of Session 2 (M = 552 ms) and the mean of the surrounding structured Blocks 12 and 14 (M = 538 ms) as within-subjects factor, revealed a significant increase in participants' mean correct RT in the random Block 13, showing perceptual learning of the target's location, F(1, 15) = 4.85, p Ͻ .05 (see Figure 2). The differences in mean RT between other adjacent blocks within one session were not significant, as shown by a post hoc Tukey HSD test.
To determine the difference between color pair and letter pair learning, we compared the amount of perceptual learning with color pairs (14 ms) to the amount of learning with letter pairs in Experiment 1 (13 ms, constraints condition). The results of a oneway ANOVA with color vs. letter pair as betweensubjects factor showed that both yielded equally large learning effects, F(1, 38) = 0.02, p = .89.
The results of Experiment 2 demonstrated perceptual learning of the target's position when participants had to react to random color pairs. Comparable amounts of perceptual learning were observed with color pairs in Experiment 2 and letter pairs in Experiment 1.
Experiment 3
In the previous Experiments 1 and 2, we demonstrated perceptual location learning when participants had to react to the identity of random pairs of targets. This was the case for both letter and color pairs. In Experiment 3, we investigated whether these results could be extended to single stimuli, instead of paired stimuli. To this end, we replicated Experiment 2, but with single colors. If spatial processing plays a role in perceptual location learning, one might expect that learning with single targets is reduced as compared to paired targets. After all, the pairs of targets all contain an inherent spatial attribute, namely a left and a right element of the pair. Possibly, the spatial attribute enables more attention to be allocated to spatial processing, hereby facilitating perceptual location learning. Therefore, we expected less learning in Experiment 3.
Method Participants
A total of 21 undergraduate students (17 women and 4 men) of the VUB participated in return for course credit. Their mean age was 19.3 years.
Stimuli and Procedure
The procedure was similar to Experiment 2, except that single colors red and green were used instead of color pairs. Hence, on each trial, six colored dots in a row appeared in the centre of the screen. The colored dots were again liable to constraints, in that Location 1 versus 6, Location 2 versus 5 and Location 3 versus 4 were marked with different colors. Then, after a delay of 400 ms, one of the colored dots was enclosed by a white square and participants were instructed to react as fast and as accurately as possible to the color of the enclosed target. The mapping of colors onto the response keys was counterbalanced: half of the participants had to press the "c" and "n" key for a red and green target, respectively, whereas the other half of the participants used the reverse mapping. The sequence of target colors changed randomly over trials, resulting in a random sequence of responses. Except for the random Block 13 of Session 2, the target location, or square enclosing the target, followed the probabilistic sequence.
Participants completed two sessions on two consecutive days. Each session started with two practice blocks of 50 trials, followed by 15 experimental blocks of 100 trials. During practice, the target's color as well as its location varied randomly over trials. In the experimental blocks, the colors changed randomly over trials, although within trials they were subject to the constraints explained earlier. 
Results and Discussion
The mean error rate amounted to 3.6 % (SD = 2.07). The responses faster than 100 ms and slower than 1,000 ms were discarded from statistical analysis (1.71 %).
A repeated measures ANOVA was carried out on the mean RTs, with the random Block 13 of Session 2 (M = 474 ms) and the mean of the surrounding structured Blocks 12 and 14 (M = 473 ms) as within-subjects factor. RTs did not increase in the random Block 13, hereby indicating an absence of sequence learning of the target's location, F(1, 20) = 0.08, p = .78 (see Figure  3) . A post hoc Tukey HSD test revealed that the differences in mean RT between other adjacent blocks within one session were not significant.
The results of Experiment 3 demonstrated that perceptual learning of a probabilistic sequence of target locations does not take place when participants react to targets composed of single colors. This result is in disagreement with the findings of Experiments 1 and 2, where learning occurred with pairs of targets, consisting of two stimuli in a different order. The use of target pairs with a spatial attribute thus seems to be crucial for inducing perceptual learning in the Remillard design.
Experiment 4
In the previous experiments, we have demonstrated that perceptual location learning in the Remillard task is possible as long as spatial pairs of targets are used. In Experiment 4, we wanted to extend our results to more commonly used SRT tasks. Whereas in the design of Remillard the targets move along six horizontal locations, in most SRT tasks only four target locations are used. Using the standard SRT task, Deroost and Soetens (in press) and Willingham et al. (1989) were unable to demonstrate perceptual learning with four locations. It is possible that this was due to the use of four target locations instead of six, like in the Remillard design. This hypothesis was tested in Experiment 4.
Method Participants
A total of 31 undergraduate students (17 women and 14 men) of the VUB participated in return for course credit. Their mean age was 19.9 years.
Stimuli and Procedure
The procedure was similar to the previous experiments, except in the following respects. The number of target locations was reduced from six to four, with the gap of 3 cm (or 3.1∞ visual angle with a viewing distance of approximately 55 cm) between two adjacent locations being preserved. On each trial, four letter pairs xo and ox appeared in a row on the screen, with the four locations being marked with an underline that remained on the screen throughout a block. Although Experiment 1 showed that the constraints put upon the letter pairs marking the locations had no influence on the amount of learning, we did not want to deviate too much from the original design. Consequently, the letter pairs were again liable to particular constraints, in that Locations 1 versus 4 and Locations 2 versus 3 were marked by different letter pairs at each trial. Then, after a delay of 400 ms, one of the letter pairs was enclosed by a white square and participants were instructed to react as fast and as ac- curately as possible to the identity of the enclosed letter pair. The mapping of letter pairs "xo" and "ox" onto the response keys "c" and "n" was counterbalanced. Like in the previous experiments, the sequence of target letter pairs, and thus the sequence of responses changed randomly over trials. Except for the random Block 13 of Session 2, the target location followed a probabilistic sequence with first-order restrictions that was based on the sequence used by Soetens et al. (2004) . This sequence was generated on the basis of the artificial grammar depicted in Figure 4 . The numbers 1 to 4 refer to the four target locations, starting with 1 at the leftmost position until 4 at the rightmost position. The first-order constraints entailed that each location could be followed by only two of four possible locations (e.g., Location 1 can only be followed by Location 1 or 4). First-order probabilities were always .50, so that a particular location was followed half of the time by one location alternative and half of the time by the other alternative (e.g. Location 1 is half of the time followed by Location 1 and half of the time by Location 4). The sequence was composed such that all four possible location alternatives occurred equally often.
Like in the previous experiments, participants completed two sessions on two consecutive days. Each session started with two random practice blocks of 50 trials, followed by 15 experimental blocks of 100 trials. In the experimental blocks, the target letter pairs changed randomly over trials. Except for the random Block 13 of Session 2, the target location followed the probabilistic sequence with first-order restrictions. Blocks were separated by 30-s breaks. Instructions emphasized fast responding with a maximum error rate of 5 %.
Results and Discussion
The mean error rate was 3.2 % (SD = 1.38). The responses faster than 100 ms and slower than 1,000 ms were discarded from statistical analysis (1.01 %). A repeated measures ANOVA, with the random Block 13 of Session 2 (M = 556 ms) and the mean of the surrounding structured Blocks 12 and 14 (M = 510 ms) as within-subjects factor, demonstrated a significant increase in RTs in the random Block 13, indicating perceptual learning of the target's location, F(1, 30) = 168.22, p Ͻ .001 (see Figure 5) . A post hoc Tukey HSD test revealed that the differences in mean RT between other adjacent blocks within one session were not significant.
The results of Experiment 4 clearly demonstrated perceptual learning of a probabilistic location sequence when the target moved along four locations, instead of six. Learning proved to be even more pronounced in the former (46 ms) than in the latter (13 ms in the constraints condition in Experiment 1), F(1, 53) = 37.91, p Ͻ .001. However, because different sequences were used to assess learning with six vs. four target locations, we cannot draw any general conclusion from the influence of the number of target locations on perceptual location learning. We can only state that the use of four target locations did not reduce perceptual location learning, and that the probabilistic sequence of four target locations was easier to learn than the sequence of six locations, used in Experiments 1Ð3. 
Experiment 5
In Experiment 5, we further tried to narrow the gap between the standard SRT task and the design of Remillard in order to explain perceptual learning in the latter paradigm. Deroost and Soetens (in press, Experiment 4) were unable to demonstrate perceptual location learning in the standard SRT task, although the same probabilistic sequence was used that resulted in learning in Experiment 4. An important difference, however, is that in the procedure of Remillard all possible targets are simultaneously presented on the screen. Participants then have to react to the target that is marked after a delay of 400 ms. Hence, they get the opportunity to process all possible targets during this 400-ms interval. This is not the case in the standard task, in which one target suddenly appears on the screen.
However, Remillard already assessed the influence of pre-processing on perceptual learning, by comparing the former condition (present) to a second condition (absent), in which pre-processing of the targets was prevented. This was done by presenting letter pairs "mn" and "nm" at the six target locations, after which one of the pairs was replaced by the target letter pair "xo" or "ox," 400 ms later. By demonstrating more perceptual learning in the pre-processing condition as compared to the latter condition, Remillard concluded that perceptual learning is enhanced by preprocessing of the target. He presumed that, during the 400-ms interval, attention shifted to the anticipated locations and that eye movements were not involved during pre-processing. Although more research is necessary before this latter claim can be substantiated, perceptual learning also occurred in the condition without pre-processing. Accordingly, although preprocessing enhances learning, it is not a necessary condition for learning to take place.
The condition without pre-processing should in principle be comparable to the standard SRT task, as used by Deroost and Soetens. In this task, the target is suddenly presented on the screen, so that pre-processing of the target is not possible. There nevertheless remains the difference that in the condition without pre-processing of Remillard, the targets are presented together with other stimuli (letter pairs "mn" and "nm"), whereas in the study of Deroost and Soetens the target is the only item presented on the screen. In Experiment 5, we examined whether this difference could have an effect on the amount of learning. In one condition, adapted from Remillard (absent condition), the target locations were marked with letter pairs "mn" and "nm," after which one of them was replaced by the target "xo" or "ox" (marker condition). In the other, standard SRT condition, we replicated Experiment 4 of Deroost and Soetens and presented only the target letter pair "xo" or "ox" (no marker condition) on the screen. In both conditions, the targets moved in the same structured way along four locations.
Method Participants
A total of 40 undergraduate students (30 women and 10 men) of the VUB participated in return for course credit. Their mean age was 18.7 years. Participants were randomly assigned to one of two experimental conditions: 20 in the Marker condition and 20 in the No marker condition.
Stimuli and Procedure
The procedure was similar to Experiment 4, except in the following respects. Depending on the experimental condition, the four locations were marked with underlined letter pairs "mn" or "nm" (marker condition) or with underlined blanks (no marker condition). The marker letter pairs "mn" and "nm" in the marker condition were liable to the same constraints as in Experiment 4, in that Locations 1 versus 4 and Locations 2 versus 3 were marked with different marker pairs. After 400 ms, one of the markers (marker condition) or blanks (no marker condition) was replaced by a target letter pair xo or ox, enclosed by a white square. Participants had to react to the identity of the enclosed target letter pair, by pressing the response keys "c" and "n." The mapping of letter pairs onto response keys was counterbalanced. Like in the previous experiments, the sequence of target letter pairs, and thus the sequence of responses changed randomly over trials. There was no relationship between the marker letters "mn" and "nm" in the marker condition and the target letter pairs "xo" and "ox". Except for the random Block 13 of Session 2, the target location followed the same probabilistic sequence with first-order restrictions that was used in Experiment 4.
Participants completed two sessions on two consecutive days. Each session started with two random practice blocks of 50 trials, followed by 15 experimental blocks of 100 trials. In the experimental blocks, the target letter pairs changed randomly over trials. Except for the random Block 13 of Session 2, the target location followed the probabilistic sequence with first-order restrictions. Blocks were separated by 30-s breaks. Instructions emphasized fast responding with a maximum error rate of 5 %.
Results and Discussion
The mean error rate amounted to 5.0 % (SD = 1.29) for the Marker condition and 4.8 % (SD = 1.84) for the No marker condition. The responses faster than 100 ms and slower than 1,000 ms were discarded from statistical analysis (0.35 %).
To determine sequence-specific learning, we conducted a repeated measures ANOVA on participants' mean correct RT, with the random Block 13 of Session 2 and the mean of the surrounding structured Blocks 12 and 14 as within-subjects factor and condition as between subjects-factor. The results of the ANOVA showed that the RT cost with the introduction of the random sequence in Block 13 and hence the amount of learning did not differ between the two conditions, F(1, 38) = 1.99, p = .16 (see Figure 6 ). However, further analysis with planned comparisons revealed that perceptual learning was significant in the marker condition, F(1, 38) = 10.87, p Ͻ .01 (M of Blocks 12 and 14 is 504 ms vs. 520 ms in Block 13), but not in the no marker condition, F(1, 38) Mean RT (ms) Figure 6 . Mean RT for the structured Blocks 12 and 14 and the random Block 13 for the condition with and without markers in Experiment 5.
the differences in mean RT between other adjacent blocks within one session were not significant.
The results of Experiment 5 demonstrate that participants learned the probabilistic sequence of irrelevant locations in the marker condition, in which random target letter pairs xo and ox were presented together with letter pairs "mn" and "nm." However, perceptual learning failed to reach significance in the no marker condition, in which only the target was presented.
We also compared perceptual learning when targets appeared 400 ms in advance (46 ms in Experiment 4) with the marker condition of the present experiment (16 ms), in which no targets were presented during the 400-ms interval. In agreement with Remillard, we found more learning in the former, indicating that preprocessing of the target at the anticipated location enhances perceptual location learning, F(1, 49) = 36.47, p Ͻ .001.
General Discussion
In the present study, we investigated the influence of spatial processing of relevant information on percep- In addition, abrupt visual onsets of stimuli affected the amount of perceptual location learning. In the following, we will discuss each of these points, as well as other findings, in more detail.
The Influence of Constraints
In Experiment 1, we replicated the study of Remillard (2003) . Six letter pairs were simultaneously presented on the screen, and participants had to react to the letter pair that was marked after a delay of 400 ms. The identity of the letter pairs changed randomly, whereas the location at which the target appeared was structured according to a probabilistic sequence. In one condition, the letter pairs marking the locations were liable to certain constraints, whereas in the other condition no constraints were applied. This was done to assess whether the constraints could have an enhancing effect on perceptual learning, either by reducing attentional resources required to learn or by providing additional, salient structure to the task. The results showed no difference between the two conditions, in-dicating that the constraints are not essential for perceptual learning to take place.
Single vs. Paired Targets
In Experiment 2, the same design was used, but with pairs of colors instead of letters. The results showed that perceptual location learning took place with letter pairs as well as color pairs, with the amounts of learning being comparable. When subsequently in Experiment 3 learning was tested with single colors instead of pairs, no perceptual learning was found. This suggests that perceptual learning in the Remillard design depends upon the use of target pairs instead of single targets.
Why would the use of paired targets be so crucial for perceptual location learning in the Remillard design? One important difference with single targets is that the pairs used in the Remillard procedure are characterized by an inherent spatial attribute. By using the same letter or color pair, but in a different order, participants can base their response entirely on the location of an element relative to the other element of the pair: e.g. when the x of the letter pair "xo" appears on the left side, press the left response; when the x appears on the right side, press the right response. Because attention has been attributed to the spatial characteristics of the target, it may be that more attentional resources in general are allocated to the processing of spatial features of the task, hereby enhancing spatial perceptual learning. This mechanism seems to require a stimulus-based component. Both single and paired targets required spatial processing, since responses had to be made with left/right key presses. But only in the latter, perceptual learning took place, which indicates that spatial processing of relevant information, purely based on random response locations, is not sufficient for spatial perceptual learning to take place.
Alternatively, perceptual learning of the sequence of target locations may depend on the use of targets characterized by single or multiple stimulus features. As proposed by the feature integration theory (FIT; Treisman & Gelade, 1980) , the detection of a conjunction of target features at the same location requires the target location to be attended, whereas this is not the case when the target changes along a single dimension. Accordingly, the absence of spatial perceptual learning in Experiment 3 with single targets, changing along a single color dimension, can be ascribed to the fact that target locations were simply not sufficiently attended to. In contrast, for target pairs entailing a conjunction of features (e.g., color and order; or letter and order), attending the target location is always required. If spatial perceptual learning were only pos-sible for conjunction targets, this would explain the contradictory results of Willingham et al. (1989) and Mayr (1996) . In the former study, spatial perceptual learning was absent when participants responded to a target changing along a single color dimension, while in the latter study learning occurred with targets consisting of a conjunction of features (shape and color).
There are, however, several indications that are not in line with the hypothesis of a direct relation between spatial perceptual learning and feature or conjunction targets. First, Deroost and Soetens (Experiment 1, in press) were able to replicate the results of spatial perceptual learning found by Mayr, although participants responded to the single color feature of the targets, instead of a conjunction of colors and shapes, like in the original study. Second, as demonstrated by Briand (1998) and Briand and Klein (1987) , spatial attention may be less involved in feature than in conjunction target detection, but this seems to hold true only when attention is exogenously oriented. With endogenous modulation of attention, the authors found no difference in spatial attention between feature and conjunction target detection.
It seems unlikely that in the Remillard design, in which the target has to be searched among other distractor stimuli, attention was mainly exogenously modulated. For instance, the RTs in Experiment 5 were much faster when the target was presented in a blank field (no marker condition) than when the target was surrounded with letter pairs (Marker condition, F[1, 38] = 17.16, p Ͻ .001), which indicates that in the latter condition attention had to be endogenously oriented to search for the target. RTs also tended to be higher when the target letter pair "xo" or "ox" had to be detected among other similar letter pairs (Experiment 4) than when the target was surrounded by letter pairs "mn" or "nm" (no marker condition of Experiment 5, F[1, 49] = 3.63, p = .06 ). This effect was also found in the original study of Remillard (2003, Experiment 2) and supports that the Remillard design can be conceived as a visual search task. In view of that, and in agreement with the hypothesis of Briand and Klein, it seems that the target location was attended to when both single and paired targets were used. Hence, this suggests that the absence of spatial perceptual learning in Experiment 3 cannot be accounted for by unattended target locations through the use of feature targets.
Nevertheless, both explanations presume that perceptual learning of a sequence of target locations depends on the extent to which attention is allocated to the location. Whether spatial attention attributed to the perceptual sequence is primarily triggered by responding to targets containing a spatial attribute, or rather by conjunction targets requires more investigation. In any case, it seems that spatial processing of relevant information increases participant's overall sensitivity to spatial features of the task, hereby facilitating spatial perceptual learning.
The present findings are completely in line with the results of a pilot study of Remillard (mentioned in the introduction of his Experiment 3). In this pilot study perceptual learning of the target's location was absent when single letters C and O were used as targets, instead of letter pairs "xo" and "ox." Since Remillard also reduced the distance between the stimuli, as compared to the original experiment, he ascribed the absence of learning with single letters to abrupt changes in the visual field. The author assumed that the rearrangement of letters at each trial resulted in salient movements of the inter-stimulus gaps. These salient movements were supposed to cause abrupt visual changes, which automatically captured spatial attention and therefore interfered with perceptual learning or the expression of learning. To avoid these abrupt visual changes at smaller inter-stimulus distance, Remillard reintroduced pairs of targets, this time vertical lines composed of one full and one interrupted line. With pairs of lines, perceptual learning was again comparable to the learning effects found with letter pairs "xo" and "ox." Interestingly, despite equal amounts of learning, the overall response time level for the pairs of lines was substantially higher than for the pairs of letters, which indicates that the differential learning effects we found for single and paired targets do not result from a difference in performance.
Anyway, the results of the present study suggest that the absence of learning in the pilot study of Remillard may not have been solely due to abrupt changes in the visual field, but also to the use of single targets instead of pairs of targets. Although there were no disrupting inter-stimulus gaps in Experiment 2, we were also unable to demonstrate perceptual location learning with single targets.
Abrupt Visual Onsets
In Experiment 5, we further narrowed the gap between the procedure of Remillard and the standard SRT paradigm. To this end, we replicated the standard paradigm as used by Deroost and Soetens (Experiment 4), but used paired targets (letter pairs), instead of single targets. This task also differs from the Remillard design in that the targets are not presented in advance and are also not embedded in a context of other stimuli. For that reason, we included a second condition, adapted from Remillard (absent condition), in which the target letter pair ("xo" or "ox") had to be searched for among other stimuli, composed of other letter pairs ("mn" or "nm"). The results showed that perceptual learning of the target's location took place in the latter condition, but was so much reduced in the former that it failed to reach statistical significance (the increase in RT amounted to 6 ms).
We suggest that the absence of reliable perceptual learning in the standard SRT task can be explained in terms of abrupt visual onsets. The sudden appearance of the target results in an abrupt visual onset that automatically captures attention (for a recent review on attentional capture, see Ruz & Lupiáñez, 2002) . Remillard already demonstrated that abrupt visual onsets reduce the amount of perceptual learning. The results of Experiment 5 support this claim: learning was absent or at least strongly reduced when targets suddenly appeared in a blank visual field. One can, however, claim that the square marking the location of the target also evoked an abrupt visual onset when participants had to search for the target among other stimuli. This is especially the case when one of the letter pairs "mn" or "nm" was replaced by a target pair "xo" or "ox." Perhaps, the effect of attentional capture on the amount of learning can be explained by the extent to which attentional capture is exogenously modulated. There is a growing consensus that attentional capture, although automatic "by default," can also be modulated endogenously (Ruz & Lupiáñez, 2002) . Accordingly, searching for a target in a crowded display, which is mainly endogenous, possibly overrules this automatic attentional capture, as opposed to the standard task, in which targets exogenously attract attention.
The Number of Location Alternatives
In Experiment 4, we assessed to what extent perceptual learning in the Remillard design depends upon the use of six target locations. It can be suggested that six target locations lead to more salient perceptual sequences, which could enhance perceptual learning, as compared to the standard task, in which there are usually only four locations. The results of Experiment 4, however, showed that the amount of perceptual learning was not reduced by the use of four instead of six target locations, but on the contrary increased. The increase can be explained by the statistical characteristics of the respective sequences, although both have restrictions on first order. With the 6-alternative sequence, more first-order transitions are possible than with the 4-alternative sequence (12 and 8, respectively), which requires more practice to learn. In addition, unlike the 6-alternative sequence, the first-order transitions in the 4-alternative sequence contain stimulus repetitions, which facilitate sequence learning (e.g., Cleeremans & Jiménez, 1998) .
Perceptual Sequence Learning in General
To recapitulate, the results of the present study suggest that spatial processing of relevant information plays a crucial role in perceptual learning of spatial sequences. Learning only took place with pairs of targets, but not with single targets. We assume that participants' sensitivity to spatial learning is enhanced by paired targets that enable spatial processing by selecting the response on the basis of the location of the specific elements. In addition, when the target automatically captures attention by an abrupt visual onset, this reduces the amount of learning.
How do the present data contribute to the overall insight in perceptual sequence learning? The results of the present study seem to indicate that perceptual location learning is related to the attention allocated to the target location. Since exogenously orienting attention reduces the amount of learning, this suggests that learning requires endogenous attention. In this respect, the present findings are consistent with the results of Jiang and Chun (2003) and Jiménez and Mendez (1999) . Presumably, sequence learning is only advantageous when endogenous attention is involved. In case of exogenous attention, less gain can be made from learning, since attracting attention occurs completely automatic. This can explain why perceptual learning is reduced with sudden visual onsets, in which attention is automatically captured.
The size of the learning effects are in line with the hypothesis that learning is endogenously modulated: more learning occurred when the target "xo" or "ox" was surrounded with similar letter pairs (46 ms in Experiment 4), than with different letter pairs "mn" or "nm" (16 ms in the marker condition of Experiment 5). On the other hand, learning was not significant when the target was presented in a blank field (6 ms in the no marker condition of Experiment 5). However, because there is a confounding variable of pre-processing, more research is necessary to pronounce upon the role of exogenous and endogenous attention in sequence learning.
Nevertheless, spatial perceptual learning seems to be enhanced when endogenous attention is attributed to the spatial nature of the task. Spatial attention can, for instance, be attracted to the perceptual sequence by the concurrent processing of structured relevant sequences of stimuli or response locations (e.g., Cock et al., 2002; Mayr, 1996; Soetens et al., 2004) . This is also the case when the irrelevant spatial sequence itself is sufficiently salient, such as with simple, deterministic sequences (e.g., Deroost & Soetens, in press, Experiment 5; Mayr, 1996, Experiment 2) . On the other hand, when the relevant spatial stimuli/response locations are not structured and the irrelevant spatial sequence is not sufficiently salient, the attentional system needs additional requirements to push it over threshold for spatial sequence learning. This seems possible when the random relevant information induces spatial processing, like in the Remillard design. Perceptual learning under these conditions, however, seems fragile, since it is limited to first-order probability learning (Remillard, 2003) and can be disrupted by abrupt visual onsets.
The findings of the present study provide an explanation for the absence of any reliable perceptual learning effects with random responses using the standard SRT paradigm. For example, in the studies of Deroost and Soetens (in press) and Willingham et al. (1989) , random color targets were presented in a blank field at one of four structured locations. Hence, in these studies, the targets required no spatial processing and appeared as abrupt visual onsets, automatically capturing attention.
To conclude, perceptual location learning that is completely independent of the random responses, as in the Remillard design, is not easy to accomplish. It looks as if perceptual learning of this kind only takes place when the random relevant information allows for spatial processing. In addition, automatic capturing of attention has to be avoided, because it diminishes the opportunity to learn. As Remillard's design is rather complicated, it is an interesting question which steps the author undertook to develop this arcane procedure. In any case, more research is required to find out the exact role of spatial attention in perceptual location learning. In addition, the results of the present study are limited to sequence learning tasks in which both stimuli and responses change along the horizontal dimension. It remains to be investigated how spatial processing influences spatial perceptual learning in other set-ups. Finally, future research is necessary to examine whether perceptual sequence learning can be extended to other, nonspatial, stimulus features.
